Abstract The assumption of the presence of diffuse myocardial fibrosis in long-standing cyanotic congenital heart disease (CHD) inspired us to noninvasively determine the myocardial extracellular volume (ECV) using contrast CMR. T1 maps were measured pre and 10 min after the injection of 0.15 mmol/kg of gadolinium in 25 subjects. Seven patients with long-standing cyanotic CHD and no previous cardiac surgery (aged 16-53 years and oxygen saturations of 69-90%), nine normal subjects (aged 14-49 years), and nine patients with previously cyanotic CHD, who had been corrected by open heart surgery (aged 2 months-58 years, mean 9 years). Late gadolinium enhancement was performed to exclude scar areas. The T1 values were measured in the interventricular septum and in the left lateral or inferior ventricular wall, such that same areas were assessed in every patient in the pre-and postcontrast T1 scan. ECV was calculated according to ΔR1myocardium/ΔR1blood * (1 − hematocrit). Cyanotic patients had significantly lower ECV percentage than the previous cyanotic patients (septum: 22 ± 2.7% vs 35 ± 4.6%, p = 0.002; LV wall: 22 ± 2.2% vs 30 ± 3.7%, p = 0.01, respectively). No significant differences were found between cyanotic patients and normal controls (septum: 22 ± 2.7% vs 24 ± 1.4%, p = 0.44; LV wall: 22 ± 2.2% vs 24 ± 2%, p = 0.57, respectively). Longstanding cyanosis in CHD without cardiac surgery does not cause diffuse myocardial fibrosis or expansion of the myocardial ECV.
Introduction
The accumulation of abnormal material in the myocardium is the cause of the abnormal expansion of the extracellular volume (ECV), identified as increased myocardial fibrosis index [1] . It is considered as final pathway of many cardiovascular stresses [2] .
Recently, the rapid development of T1-mapping sequence in cardiovascular magnetic resonance (CMR) and its use with contrast emerged as a noninvasive imaging technique to measure extracellular volume in vivo [1, 2] .
Despite the fact that research lacks quantifying the degree of the ECV expansion in cyanotic congenital heart diseases with no previous history of surgical intervention, the assumption that cyanosis causes diffuse intramyocardial fibrosis is accepted since decades [3] [4] [5] [6] .
Therefore, the aim of this study was to determine whether or not cyanosis causes intramyocardial fibrosis. This should be investigated by quantifying the ECV of the myocardium. The degree of diffuse myocardial fibrosis in patients with long-standing cyanosis in CHD without previous cardiac surgery should be compared to ECV of normal subjects and to ECV of patients with previous longstanding cyanosis, followed by corrective heart surgery.
Methods
Seven cyanotic patients (Cyanotic Group) were studied. No patients in the cyanotic group had had surgical interventions using heart lung machine until CMR date. Patients had different diagnosis of which three patients had pulmonary atresia with ventricular septal defect (VSD) and multiple aortopulmonary collaterals; one patient had complete atrioventricular canal defect; two patients had double inlet left ventricle; and one patient had a large VSD.
Nine patients with previous cyanotic CHD followed by corrective heart surgery were included (Ex-Cyanotic Group) during which a heart lung machine was used. Four patients had truncus arteriosus anomaly; one patient with pulmonary valve agenesis and stenotic pulmonary ring; and one patient with pulmonary artery atresia; all those seven patients were corrected by patch closure of the associated VSD and inserting a conduit between the right ventricle and the pulmonary artery. One patient had a VSD closed using a patch; one patient with hypoplastic left heart had Norwood-1 operation; and one patient underwent a total anomalous venous return correction surgical operation (Table 1) .
Nine normal patients (normal subjects Group) were included in our study. All of these patients were admitted in the hospital for chest pain, but proved to have normal cardiac status.
Inclusion criteria were:
1. Subjects whose records proved to have complete normal hearts on basis of clinical, lab, and imaging data, including CMR study.
2. Subjects who were sent home with no advice of follow-up or prescribed treatment. 3. Subjects who were sent home with no required further cardiac assessment.
Exclusion criteria:
1. Subjects in whom any of their clinical or lab data were suspicious or border line for myocardial damage. The lab profile included complete blood count, troponin, creatine kinase (CK), and CK of myocardium type (CK-MB). All normal subjects were within normal references. 2. Subjects who were sent home with prescribed treatment or scheduled a follow-up.
The same CMR scanner was used in all patients. The demographic data, oxygen saturation, and hematocrit values for all 25 patients are described in Table 1 .
CMR

T1
Mapping was performed as previously described [7, 8] . A modified look-locker inversion recovery (MOLLI) sequence was acquired before, and 10 min after administrating a bolus of 0.15 mmol/kg gadolinium-based contrast agent (gadopentetate dimeglumine Magnevist ® , Bayer Health Care, Leverkusen, Germany). In brief, two slices were obtained in a mid-ventricular short-axis plane and one slice as a four chamber view with a slice thickness of 6-8 mm, depending on heart size. Three successive ECG-triggered look-locker experiments were carried out with three, three, and five single-shot readouts, respectively. Undisturbed magnetization recovery was allowed for at least 4 s between Demographic data of all three groups SO 2 Oxygen saturation, y years, AV Canal atrioventricular canal, PA pulmonary atresia, VSD ventricular septal defect, TA truncus arteriosus, DILV double inlet left ventricle, TAPVR total anomalous pulmonary venous return, HLH hypoplastic left heart each look-locker experiment. Motion correction was performed for each T1 map [9] . In pre-and post-contrast, the same slice positions were obtained. Acquisition was during breath holding, and timing of cardiac phase has not been changed within patients or between patients [10] .
Late Gadolinium Enhancement (LGE) Images
Delayed enhancement images were obtained in the same slice location and orientation as the T1-mapping images to exclude positive focal myocardial scars.
LGE images were performed 15 min after bolus contrast administration. A phase-sensitive inversion recovery (PSIR) sequence was used at breath-hold and multiple signal average imagings. Voxel size was 1.0 9 1.5 mm in-plane with a slice thickness of 6-8 mm [11] .
CMR Scanner
All patients were studied using a standard cardiac 1.5 Tesla MRI-scanner and a standard cardiac 12-channel coil (Siemens Avanto).
T1-Mapping Analysis
T1 values were measured in two areas of the myocardium: the interventricular septum and the left posterior or inferior ventricular wall, such that same areas were assessed in every patient in the pre-and post-contrast T1 scan.
Regions of interest (ROI) were manually drawn on all T1 maps. Epicardial structures and blood pools were excluded from the contours. A ROI of at least 20 pixels was drawn in the septum or in the LV walls. No ROIs were drawn in myocardial scar regions if present.
Oxygen saturations and hematocrit values were taken at the time of the CMR study. The ECV was calculated as previously described using the equation: ΔR1myocardium/ ΔR1blood * (1 − hematocrit), where ΔR1myocardium = 1/ T1myocardium pre-contrast − 1/T1myocardium post-contrast and ΔR1blood = 1/T1blood pre-contrast − 1/T1blood post-contrast [7] .
Statistics
A one-way ANOVA with post hoc analysis (Tukey test (SPSS, software version 22.0.0 (SPSS Inc., IBM Company, Chicago, Illinois)) was performed to compare the ECV between the three groups. Then a t test was used to compare ECV% of each group to the other. p \ 0.05 was considered statically significant. The maximum, minimum, mean, and standard deviation was used for descriptive analysis.
Results
The ECV% was found to be significantly different in between the three groups in both interventricular septum and LV walls (0.008 and \ 0.001, respectively) in the oneway ANOVA test.
The ECV% of the three groups is expressed in Table 2 and Fig. 1 • Patients with cyanosis had significantly lower ECV% than the previous cyanotic patients after total repair:
• Septum: 22 ± 2.7% (95% CI 19.5-24.5) versus 35 ± 4.6% (95% CI 31.4-38.5), p = 0.002.
• LV wall: 22 ± 2.2% (95% CI, 19.9-24.03) versus 30 ± 3.7%, (95% CI 27.1-32.8) p = 0.01.
• No significant differences were found between cyanotic patients and normal controls:
• Septum: 22 ± 2.7% versus 24 ± 1.4% (95% CI 22.9-25.07), p = 0.44.
• LV wall: 22 ± 2.2% versus 24 ± 2%, (95% CI 22.5-25.5) p = 0.57.
Of the seven patients of the cyanotic group, both in the septum and in the lateral or inferior LV wall, five patients (71%) showed ECV% \ 25% and two (29%) patients had ECV % between 25 and 30% and no patients showed ECV % [ 30% (Table 2) . Three (42.8%) out of those seven patients had Eisenmenger reaction. In the ex-cyanotic group, in septum one (11%) patient had ECV% \ 25% and three (33%) patients had ECV% between 25 and 30%. Five (56%) patients showed an ECV of [ 30%. In the left ventricular wall, three (33%) patients showed ECV% \ 25%, one (11%) patient had ECV% of 25-30, and five (56%) patients showed an ECV% of ≥ 30% (Table 2 ).
In the normal subject group in septum and left ventricular wall, six (67%) patients had ECV% \ 25%, three (33%) patients had ECV % between 25 and 30%, and no patients showed ECV% [ 30% (Table 2) . No evidence of myocardial edema was present by CMR in the normal group.
An LGE area was found in one ex-cyanotic group patient. No LGE areas were found in any patients of the cyanotic group.
Discussion
This study showed that the ECV% (fibrosis index) in the cyanotic group was not statistically different from ECV% in the normal subject group. The ECV% was highest in the ex-cyanotic group.
Despite the fact that perioperative myocardial damage is the most common cause of morbidity after repair of congenital heart diseases [12, 13] , long-standing cyanosis has been previously blamed as the cause of myocardial fibrosis and dysfunction [3] [4] [5] [6] [14] [15] [16] [17] [18] [19] [20] [21] .
In previous studies, Broberg et al.
[22] studied ten cyanotic patients, all of whom showed expansion of ECV. However, the history of operation was not declared in those ten patients. In contrast to Broberg´s report, none of the cyanotic group without previous cardiac surgery in our study showed increased ECV%.
Chowdhury et al. [23] found an incidence of 65% interstitial myocardial fibrosis, assessed by histopathology in resected biopsies of patients, undergoing intracardiac repair of tetralogy of Fallot (TOF). They concluded that the presence of degeneration and fibrosis was due to hypoxia. These findings, however, were restricted to right ventricular specimens and pathology, not applicable to left ventricular histology. In our study, right ventricular myocardium could not be studied by T1 mapping, as right ventricular wall thickness was inadequate for analysis in the ex-cyanotic and normal group.
Similarly, Xie M et al. [24] found an increased collagen volume fraction in the myocardium of operated TOF patients. The degree of collagen accumulation correlated well with decreased systolic strain and systolic/diastolic strain rate, assessed by two-dimensional speckle-tracking echocardiography. These results, again, were limited to right ventricular myocardium and function.
An interesting study was conducted by Broberg et al. [25] , finding focal fibrosis in 30 Eisenmenger patients by LGE.
LGE was present in the RV in 70% of patients, whereas LGE in the LV was found in 30% of patients, representing only 0.06% of myocardial mass. They mentioned that LGE is not an indicator of diffuse fibrosis. They speculated, however, that bad nulling in some cases, they faced during the study, could be an indirect marker of diffuse fibrosis. They concluded T1 mapping would be more useful. In our study, we provided the results of both LGE and T1 mapping, which did not have problems in nulling of the myocardium and found no signs of diffuse fibrosis.
A recent study by Kozak et al. [26] found significantly shortened post-contrast T1 values in right ventricular myocardium of patients after repair of tetralogy of Fallot, which was not found in left ventricular myocardium. They did not calculate ECV%, but concluded from their data that diffuse fibrosis in Tetralogy patients is restricted to the RV, meaning that cyanosis is not the leading cause for change in RV myocardial texture.
Several references, upon examination, do not contain data supporting the assumption of interstitial fibrosis in left ventricular myocardium of patients, suffering from chronic cyanotic heart disease. They rather simply assert that the assumption is true [3, 6] . Fig. 1 The Y-axis represents the ECV % of the three groups. X-axis shows measured segment whether in the septum or as segment of left ventricular wall (LV) other than the septum. Patients with cyanosis had significantly lower ECV%, compared to ex-cyanotic patients after surgical repair and almost within the same range of normal subjects On the other side, a significant number of previous research enforce our findings showing that long-standing cyanosis may enhance tolerance to ischemia and may even develop a cardioprotective mechanism [24, [27] [28] [29] [30] .
The normal population in our study were subjects who presented with chest complaints, but finally proved to be free of cardiac disease. All subjects were sent home with no medication and no recommendation for follow-up.
The ECV% in our normal group was in keeping with previously published normal ECV values, according to Kawel-Boehm et al. [31] . Although patients are of different age and gender, it is known [32] that there is no correlation between age, gender, and the native T1-mapping results.
In our study, patients in the ex-cyanotic group, who were operated on, had a significantly higher ECV%, compared to normals and the cyanotic group. It can be speculated that open heart surgery can be an important trigger for myocardial fibrosis and hence late cardiac dysfunction. Our findings support the assumption that interstitial fibrosis in ex-cyanotic patients is not caused by cyanosis per se but by remodeling processes, induced by open heart surgery.
In conclusion, most of ex-cyanotic patients had no long period of cyanosis therefore cyanosis cannot be blamed for the LV fibrosis. In addition, the ex-cyanotic patients who had a longer period of cyanosis differ from the other two groups only by having history of corrective surgery during their management course. We did not find evidence of diffuse fibrosis in the LV of patients with chronic congenital heart disease due to cyanosis per se.
Limitations
Our study reveals limitations in the small and heterogenous number of included cyanotic patients. This is, however, due to the rarity of adult cyanotic patients with no previous intervention. T1-mapping post-contrast was performed already 10 min after application of Gadolinium-DTPA to reduce investigation time. Usually this time interval is standardized to 15 min [32] . Both T1 values and calculated ECV%, however, do no differ significantly between 10 and 15 min after contrast injection [33] . Therefore, we think that our results are not biased by the reduced time interval after contrast injection. 
